On the enhancement or counteraction of the responses to local-scale accumulated land-use changes on the short time-scale by Mölders, Nicole
Simulations assuming open-pit mines and different cessation landscapes of open-pit mines 
with urbanization were performed with a non-hydrostatic meteorological model. The possible 
enhancement or counteracting of the atmospheric responses to these simultaneously occurring 
(= accumulated) land-use changes are examined applying a formula drived from the principle 
of superposition. Although accumulated land-use changes substantially affect the local water 
and energy fluxes and significantly influence cloud and precipitation microphysics, they do 
not necessarily provide more significant changes in these quantities than the change of differ-
ent land-use types to only one land-use type single land-use changes). Where the atmos-
pheric responses to accumulated land-use changes are enhanced or inhibited, depends on the 
thermal, dynamical and hydrologic characteristics of the undergoing accumulated land-use 
changes as well as on the land-use adjacent to the land-use conversion. In regions dominated 
by drier surfaces (e.g., agriculture), no enhancement or counteraction according to the princi-
ple of superposition could be detected in this study. 
Simulationen mit einer Tagebaulandschaft sowie verschiedenen Tagebaufolgelandschaften 
inklusive Urbanisierung wurden mit einem nicht-hydrostatischen meteorologischen Modell 
durchgeführt. Eine mögliche Verstärkung oder Abschwächung der atmosphärischen Reaktion 
auf gleichzeitig auftretende (akkumulierte) Landnutzungsänderungen wird mittels einer auf 
dem Prinzip der Superposition erstellten Formel untersucht. Obgleich die akkumulierten 
Landnutzungsänderungen die lokalen Energie- und Wasserflüsse merklich sowie die Wolken-
und Niederschlagsmikrophysik signifikant beeinflussen, führen sie nicht notwendigerweise zu 
stärkeren Änderungen dieser Größen als einfache Landnutzungsänderungen. Wo sich akku-
mulierte Landnutzungsänderungen in ihrer Wirkung auf die Atmosphäre verstärken oder 
abschwächen, hängt davon ab, wie stark sich die dynamischen, hydrologischen und energe-
tischen Eigenschaften der veränderten Landnutzung von der vorherigen und denen der Umge-
bung unterscheiden. In Regionen, die durch trockene Flächen charakterisiert sind (z.B. Acker-
land), konnte in dieser Studie kein Verstärken oder Abschwächen im Sinne einer Abweichung 
vom Prinzip der Superposition festgestellt werden. 
Introduction 
Land-use changes often proceed continuously with several changes occurring simultaneously. 
Therefore, some difficulties exist to evidence the effect of land-use changes by comparing 
observational data before and after the conversion of land-use. Numerical modeling, however, 
provides a tool to overcome this problem. Here, the influence of different land-use changes 
can be isolated by comparing results of simulations with single land-use changes or various 
combinations of accumulated land-use changes to those without all or without some of the 
land-use changes. Herein, single land-use changes are defined as the change of different land-
use types A, B, or C to only one land-use type D. Accumulated land-use changes are defined 
as the changes for which different land-use types A, B, C, etc. simultaneously convert to vari-
ous land-use types X, Y, Z etc .. 
Recently, numerical studies examined the impact of land-use changes on the global or 
regional climate for !arge areas for which a land-use type A was converted to B (e.g., Anthes, 
1984; Zhang et al., 1996; Xue, 1996) or where the land-use changed continental-wide (e.g., 
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Copeland et al., 1996). Moreover, studies on climate induced changes of biome in-
fluence on monsoon also exist for the large scale (e.g., Claussen, 1997). The results indicate 
that the coherent regions of substantial changes, of both signs, in screen height temperature, 
humidity, wind speed, and precipitation may result from the land-use change on the meso-a-
scale. The simulated changes of the quantities were closely related to the changes of the 
vegetation parameters of albedo, roughness, and evaporative conductivity. 
In Europe, however, recent land-use changes usually occur on the local scale, for in-
stance, by deforestation, afforestation, changes in agricultural practices, creation of water res-
ervoirs, recultivation of open-pit mines or urbanization. This means that the extension of the 
patches with land-use changes is much smaller than that in the studies mentioned above. In a 
recent paper, Mölders (1998) illustrates that local single land-use changes may have micro-
physical impacts on cloud and precipitating particles. Single land-use changes may produce 
dynamic and cinematic perturbations on the conditions down wind of the changed land surface 
even on the short time scale ( < 24 h). The author pointed out that in light of the extreme 
nonlinearity of the changes produced in the exchange processes by the land-use changes, it is 
conceivable that the atmospheric responses to accumulated land-use changes may possibly 
counteract or enhance cloud and precipitation formation processes. 
To examine the influence of such accumulated land-use changes on the Iocal atmos-
pheric conditions, several simulations were performed with (GEesthacht' s Simu-
lation Model of the Atmosphere; Kapitza and Eppel, 1992; Eppel et al., 1995). The studies 
presented here differ from the aforementioned studies in both the spatial and temporal scales. 
Different cessation landscapes of open-pit mines are assumed on the meso-y-scale. A method 
is introduced that allows to detect areas of enhancing or counteracting of processes involved. 
GESIMA is a non-hydrostatic meteorological model. lt was validated for a wide range of phe-
nomena ( e.g., Claussen, 1988; Kapitza and Eppel, 1992; Eppel et al., 1995; Devantier and 
Raabe, 1996; Hinneburg and Tetzlaff, 1996). Mölders (1998) demonstrated that GESIMA is 
also able to simulate the atmospheric responses to surface characteristics usually observed. 
2.1 Briefmodel description 
The dynamical part of the GESIMA is based on the anelastic equations (Kapitza and Eppel, 
1992; Eppel et al., 1995). The prognostic equations are solved with a predictor-corrector 
scheme. Advection of momentum and potential temperature is determined with a MacCor-
mack-scheme modified for the applications to incompressible flow. A Smolarkiewicz-scheme 
is applied for the transport of passive quantities. 
A five-water-class bulk-parameterization scheme of cloud microphysics is used to de-
scribe cloud and precipitation formation (Mölders et al., 1997). lt takes into account the con-
densation and deposition of water vapor, the rainwater formation by autoconversion, coales-
cence, and melting of both ice and graupel, the riming of ice and graupel by cloud water, the 
homogeneous freezing of cloud water and rainwater, the evaporation of cloud water and rain-
water, the sublimation of ice and graupel, the sedimentation of rainwater, ice and graupel. 
Radiation transfer is calculated by a simplified two-stream-method (Eppel et al., 1995). 
The subgrid-scale heterogeneity of precipitation and the Earth' s surface is considered 
by an explicit subgrid-scheme (Mölders et al., 1996). Herein, each atmospheric grid cell is 
divided into 25 subgrid cells at the boundary earth-atmosphere and within the soil. The energy 
and water fluxes are solved for each of these subgrid cells with their own soil and near surface 
meteorological forcing. The coupling of the subgrid cells to the atmospheric grid cell is real-
ized by arithmetically averaging the subgrid quantities. 
The surface-fluxes are determined for each subgrid cell under the assumption that in 
the first grid-cell above ground the flow is in equilibrium with the underlying surface. The 
calculation of the near-surface fluxes is based on a bulk-forrnulation (e.g., et 1995; 
Mölders, 1998). the determination of the latent heat fluxes the soil wetness factor is consid-
ered that is determined by a force-restore method (e.g., Deardorff, 1978; Eppel et al., 1995). 
Moreover, the transpiration by plants is considered by a Jarvis-type approach. The soil heat 
flux and the soil temperatures are calculated by a diffusion equation for land-covered grid-
points and by the residuum of the net radiation, the fluxes of sensible and latent heat for 
water-covered grid-points (e.g., Claussen, 1988; Eppel et al., 1995). 
The surface stress and the near-surface fluxes of heat and water vapor are expressed in 
terms of the dimensionless drag and transfer coefficients. Herein the roughness-length of 
moisture and heat are determined in accord with Hicks (1985). The stability functions are cal-
culated by the parametric model of Kramm et al. (1995) which is based on Monin-Obukhov 
similarity-theory. Above the atmospheric surface layer the turbulent fluxes of momentum are 
calculated by using a one-and-a-half order-closure scheme. Here, the elements of the eddy 
diffusivity tensor are derived from the turbulent kinetic energy (TKE) and the mixing length 
using the Kolmogorov-Prandtl relation. The is determined by solving the budget equa-
tion for that quantity. 
2.2 Initialization 
The vertical resolution of the model varies from 20 m from the ground to 1 km at a height of 
10 km. Above and below a height of 2 km there are 8 levels. The horizontal resolution is 5 x 5 
km2 for the grid cells and 1 x 1 km2 for the subgrid cells. 
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Fig. 1. Initial conditions for the 3D-simulations as obtained from a I D-simulation. 
In nature, the potential land-use changes would possibly affect the profiles in the atmospheric 
boundary layer (ABL). For comparability and to avoid additional degrees of freedom, here, all 
simulations start with the same vertical profiles of wind, humidity, air- and soil temperature 
(Fig. 1 ). The synoptic situation chosen reflects typical calm wind conditions in spring (p = 
1003 hPa, day of year = 122, geostrophic wind of 7.5 m/s from 100°) under which some con-
vective cloud fields form. wetness factor was set 
surface temperature and soil temperature of 1 m depth are 
throughout the entire simulation time. 
3.1 The land-use data sets 
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all points. 
constant at 9.4°C and 1 l.8°C 
The effect of accumulated land-use changes on the local weather was examined. In doing so, 
eight simulations were performed for which different landscapes were assumed. The reference 
landscape corresponds to that of 1986, but in the open-pit mines the land-use that existed be-
fore start of open-pit mining (REF) is assumed. The data set with open-pit mines (MIN) repre-
sents the landscape of 1986. further data set assumes urbanization (URB), open-pit mines 
plus urbanization (MINURB),flooded open-pit mines (FLO), andflooded open-pit mines plus 
urbanization (FLOURB). the cases of urbanization, an expected increase of -21 % (Berkner 
1995) of the already existing Settlements is assumed. To create a land-use data set for a re-
cultivation scenario, the planned fractional coverage of the different land-use types (Tab. 1) is 
arbitrarily distributed over the former open-pit mines. Moreover, urbanization is increased by 
-21 % in the former non-mining areas. This data set and the respective simulations will be ad-
dressed as 2050, hereafter. In the landscape represented by NU2050, the succession landscape 
of the open-pit mines is the same as in 2050, but without urbanization. Although such a land-
scape is somehow academic, it may serve to evaluate the contribution of the changes caused 
by the succession landscape and those due to urbanization. Figure 2 compares the fractional 
coverage by the various land-use types in the different landscapes. The various land-use types 
are characterized by different plant physiological and physical parameters (Tab. 2). 
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Fig. 2. Comparison of the fractional coverage of land-use for the landscapes assumed in this study. 
The new terrain height of the former open-pit mines is assumed to be the average terrain 
height of its neighbored 1 x 1 km2 areas that are not affected by open-pit mines or that are 
already filled according to this procedure. This procedure starts from the north to the south, 
and from the west to the east. Note that the obtained domain-average height (h = 112.69 m) 
marginally differs for other start points and directions of this procedure (S to N, E to W h = 
112.72 m, N to S, E to Wh= 112.70 m, S to N, W to Eh= 112.72 m). 
_________ , consist of a 
direct contact the overlying soil charac-
teristics of sand are used for open-pit mines (Tab. 2). 
Table 1. Extension and assumed re-use of the open-pit mines. Water engineering is realized as water. 
Agriculturally used areas are divided into grassland and agriculture, and forestry into deciduous, 
mixed and coniferous forest, respectively. Other is set to village. Data given in brackets represent the 
coverage before onset of open-pit mining. Südraum Leipzig is the area south of Leipzig. 
water agriculturally used forestry other reference Area 
[%] [%) [%] [%] [km2] 
Lausitz 26.51 (-.-) 16.69 (85.78) 48.57 (13.27) 8.23 (0.95) Biemelt ( 1997) 211 
Südraum Leipzig 17.50 (4.64) 44.50 (88.74) 20.00 (5.96) 18.00 (0.66) Berkner (1995) 55 
44.50 20.00 18.00 assumed l 
Table 2. Parameters (from Eppel et al„ 1995 and literature cited therein) as used for the different 
land-use-types in the soil-vegetation model. The Letters ks, cj, €, O'., z0 , wfv CXc, and g1 are the thermal 
dif.fusivity of the soil, the volumetric heat capacity, the emissivity, the albedo, the roughness-length, 
the field capacity weighted by the uppermost diurnally active soil layer, the capillarity, and the 
maximal evaporative conductivity, respectively. 
ks p;c; t O'. Zo wk CXr; g1 
[10-6m2/s] [106J/(m3K)] [m] [m] [ 10-3ko-/(m3s)] [m/s] 
Water 0.15 4.2 0.94 calculated 1.0 1000 
Open-pit mines 0.84 2.1 0.90 0.3 0.0004 0.002 0.9 
Grass land 0.56 2.1 0.95 0.25 0.02 0.010 8.0 0.04 
Agriculture 0.74 2.9 0.95 0.18 0.04 0.003 3.0 0.04 
Deciduous forest 0.70 2.5 0.97 0.20 0.8 0.010 8.0 0.023 
Mixedforest 0.70 2.5 0.975 0.175 0.9 0.010 8.0 0.023 
Coniferous forest 0.70 2.5 0.98 0.15 1.0 0.010 8.0 0.023 
Suburb/village 1.0 2.0 0.90 0.20 0.8 0.003 1.0 
1.0 2.0 0.95 0.15 1.0 0.002 
3.2 Analysis of the numerical simulations 
The results obtained by the various simulations with accumulated land-use changes are com-
pared to those of REF or MIN. At the boundary earth-atmosphere for each grid cell signifi-
cance tests whether the obtained differences are due to the land-use changes are performed for 
the differences in the obtained field quantities and fluxes using hourly data. Only for the cloud 
and precipitation particles, the significance tests are carried out for the column-integrated val-
ues of the respective quantities. 
lt has to be assumed that the atmospheric responses of accumulated land-use changes 
on the ABL may enhance or counteract as compared to the atmospheric responses that are 
caused by the single land-use changes. In a linear response of the atmosphere (principle of 
superposition), the sum of the differentials in the field quantities, water and energy fluxes, 
cloud and precipitation particles caused by the single land-use changes would equal the differ-
entials in the atmospheric responses due to the accumulated land-use changes. In which areas 
the accumulated land-use changes cause such a non-linear behavior will be analyzed by use of 
n 
k " i !' (n - 1) Xi - k. Xi + X1 = il 
1 { 
> 0 enhancement 
0 superposition 
< 0 counteraction , 
(1) 
for the daily as well as for the hourly field quantities, water and energy fluxes, cloud and pre-
cipitation particles. Here, Xi denotes the quantity at the jth grid cell, the index k represents the 
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simulation with the landscape from which the changes start (e.g., i = 1, ... , n are the 
simulations with the landscapes wherein one land-use type altered as compared to the 
reference landscape ( e.g., and for n = 2), and p is the simulation with the accumu-
lated land-use changes (e.g., MINURB). Enhancement or counteraction mean a deviation from 
the principle of superposition. Enhancement is characterized by a positive difference (Ll) and 
counteraction by a negative one (-Ll). 
Discussion of the results 
In all the simulations, the accumulated land-use changes do not affect the predicted quantities 
of state, and the wind above the atmospheric boundary layer (ABL), except deep convection. 
The daily domain-averages of the predicted air- and surface temperatures, wind, net-radiation 
and humidity hardly differ for all simulations. The daily domain-averages of cloudiness and 
precipitation, however, appreciably differ. The fluxes predicted for the various landscapes 
vary more strongly during the daytime when the energetic input is high than during the night-
time. Accumulated land-use changes affect the soil heat fluxes more strongly than single land-
use changes. The distribution of strong or weak evapotranspiration matches with that of the 
prevailing land-use, namely, strong evapotranspiration with some kind of forest in the north-
east and weak evapotranspiration with agriculture in the south-west, respectively. 
Like for single land-use changes the largest differences in the field quantities, water 
and energy fluxes arise over and in the lee of the land-use changes. Moreover, the cloud and 
precipitation particles react the most sensitive of all the quantities investigated to the land-use 
changes followed by precipitation, and soil moisture. 
Table 3. Area [km2 ] for which the land-use changes cause significant differences (90 % confidence 
and higher) in predicted precipitation, P, ice, q;, rainwater, q,., cloud water, q0 soil wetness factor, f, 
vertical component of the wind vector, w, evapotranspiration, suiface temperature, TG, sensible 
heat flux, H, and the temperature at reference height, Tr. The Letters A and S indicate single and 
accumulated land-use changes, respectively. 
change p g; 9r 9c 9t f w E TG H 
MIN: PLO s 7925 5350 6000 3075 3625 3000 1550 300 175 150 
MIN:FLOURB A 7175 6425 6250 5000 4975 3250 2475 275 150 175 
REF: FLOURB A 6075 6550 5000 2525 2900 3350 575 75 25 25 
REF:FLO s 6575 4450 4225 1850 2325 2875 375 75 25 75 
REF:MINURB A 5450 6925 4725 2000 2125 1325 1725 300 25 0 
REF:MIN s 3650 5825 3700 3100 2700 575 1650 275 25 0 
URB:MINURB s 2925 4875 300 1400 1375 425 1550 275 25 0 
MIN: 2050 SI 7300 3250 4275 2425 2225 1900 1725 525 50 0 
URB :FLOURB s 5550 5175 4925 2075 2625 2775 375 0 25 100 
URB: 2050 SI 7125 3700 6375 1200 1375 1425 75 50 0 0 
REF: 2050 SI 5550 4325 4525 1250 1075 2100 100 50 0 0 
REF: URB s 5050 4500 3250 1650 1600 725 25 0 0 0 
FLO :FLOURB s 3625 5350 4425 2650 2375 300 175 0 0 0 
MIN: MINURB s 4525 6975 5050 4050 3850 475 200 0 0 0 
Table 3 lists the extension of the area with changes at the 90 %- or better statistical-signifi-
cance level. Except for cloud and precipitating particles as well as for precipitation, significant 
changes mainly occur over and downwind of the land-use changes. The changes in predicted 
cloud and precipitation particles, and rainfall are not bound to the location of the land-use 
conversion. Nevertheless, they are always somehow and somewhere significant, because at a 
I In the sense of the definition given in the introduction, the land-use changes going along with a change from 
MIN, URB, and REF to 2050 are accumulated land-use changes. Here, however, recultivation is treated as one 
'land-use change' for which it is treated as a single land-use change further in the study. 
Tr 
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grid a cloud or event may only one the 
single and accumulated changes soil wetness reacts next sensitive to land-use 
changes (Tab. 3). Similar behaviors were found for single land-use changes (Mölders, 1998). 
For the single as well as for the accumulated land-use changes, the vertical component 
of the wind vector is affected appreciably to significantly (Tab. 3). The results of all simula-
tions performed show no worth mentioning non-linearity according to equation 1 for the daily 
averages of air temperatures and humidity. However, worth mentioning differences 1.6.I occur 
for all components of the energy balance. The net-radiation and the soil heat fluxes mainly 
differ when the cloudiness differs drastically during the diurnal course. The absolute amount 
of the differences 1.6.I are lower for the sensible and latent heat fluxes than for net-radiation or 
the soil heat fluxes. They mainly occur in the Lausitz, although the Südraum Leipzig and the 
Bitterfelder Revier were also undergone accumulated land-use changes. 
4.1 Urbanization and open-pit mines to MINURB) 
Settlements as well as open-pit mines have similar thermal (thermal diffusivity of the soil, heat 
capacity) and hydrologic (field capacity, capillarity) characteristics (Tab. 2). albedo and 
roughness length of open-pit mines and settlement, however, differ appreciably (Tab. 2). 
Hence, open-pit mines and settlement influence dynamics and radiation differently. This 
means that these two land-use changes, when being regarded as single land-use changes, have 
similar effects except for dynamics and radiation. 
Recent studies showed that urban areas increase convection and precipitation in and 
downwind of large cities (e.g„ Changnon and Huff, 1986; Mölders, 1998). As shown by 
Mölders (1998) ppen-pit mines (MIN) significantly reduce evapotranspiration, and urbaniza-
tion (URB) appreciably lessens evapotranspiration as compared to vegetation. Both these 
single land-use changes provide a slightly drier and warmer lower ABL as well as a lower 
domain-averaged 24h-accumulated precipitation than the simulation with the reference land-
scape (REF; Mölders, 1998). 
In the Lausitz, surface temperatures significantly increase about 0.7 for the change 
from to MINURB. The tendency to an, on average, slightly drier and slightly warmer 
lower ABL with less cloudiness as well as the tendency of an enhanced convection in the lee 
of large cities also exists when urbanization and a land-use change to open-pit mines occur 
simultaneously. Like in the case of the belonging single land-use changes, the lower ABL of 
MINURB is nearly everywhere slightly warmer than in REF, especially, over the open-pit 
mines (up to 0.3 K) and in the conurbation (up to 0.2 K). However, even here the maximum 
differences are lower than for open-pit mine alone. 
In the case of the accumulated land-use changes, the maximum increase in air and sur-
face temperatures, however, is less than for the installation of open-pit mines alone. Neverthe-
less, also in areas far away from the accumulated land-use changes (e.g„ in the Fläming, near 
Meißen) according to equation 1 a nonlinear behavior of the atmospheric responses can be 
found (Fig. 3) which is caused by the different temporal development of cloudiness in the 
diurnal course. 
In the southern Bitterfelder Revier and in the Südraum Leipzig, where agriculture 
dominates, the accumulated land-use changes influence each other hardly in their atmospheric 
responses on the temperatures of the lower ABL (e.g„ at noon 1 L'i. J < 0.1 K). In the Lausitz, 
however, the lower ABL is about 0.4 K cooler in the immediate vicinity of the accumulated 
land-use changes in areas dominated by forest and about 0.2 K warmer in areas prevailingly 
covered by grassland (e.g., south of Cottbus) than expected from the principle of super-
position. 
In the ABL, the vertical component of the wind vector (not shown) will significantly 
change over the Lausitz, the Bitterfelder Revier, the Südraum Leipzig, and some locations of 
the Fläming if the reference landscape changes to a landscape with open-pit mines and in-
creased urban areas. 
the forrner vegetation. 
0 
is due to the stronger heating sand 
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Fig. 3. Dif.ferences, .6. (in K) for the daily averages of the swfacel temperatures according to eq. 1 for 
simultaneously.occurring land-use changes to open-pit mines and settlements. The grey and white 
patches represent positive and negative values, respectively. The contour lines within these 
patches indicate areas with an appreciable enhancement or reduction of the atmospheric re-
sponses to the accumulated land-use changes. The dark-grey boxes indicate the subgrid-cells with 
a land-use change in favor of settlements. The thick contour lines indicate open-pit mines. 
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Fig. 4. Like Fig. 3, but for the dif.ference ( .6. in mmlh) in evapotranspiration at 1200 LT. 
In MINURB, however, only in the conurbation of Leipzig and in the Lausitz, significantly less 
water is evapotranspirated than in REF. The near-surface specific hurnidity decreases the 
strongest in the south of Leipzig, in the Lausitz (especially around Cottbus) andin the Bitter-
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felder (more than 0.3 g/kg) because place favor of set-
tlements and the open-pit mines. decrease is slightly stronger for the single land-use 
changes. In the conurbation of Dresden, urbanization alone reduces the near-surface specific 
humidity nearly as streng as the common effect of urbanization and open-pit mines in the con-
urbation of Leipzig. There are several reasons for this behavior. In the conurbation of Dres-
den, urbanization takes place at the cost of grassland, while in the conurbation of Leipzig to a 
high degree agriculture is converted to settlement or open-pit mines. Agriculture, on average, 
evapotranspirates less than grassland. Hence, in the conurbation of Dresden, the surface 
characteristics are more strongly changed than in the environs of Leipzig. lt is worth mention-
ing that in the lee of Dresden evapotranspiration increases due to the slightly warmer air in the 
upwind of the town. 
According to equation 1, over the Lausitz, both an enhancement as well as a reduction 
of the evapotranspiration (e.g., up to more than ± 0.1 mm/h at noon) can be found (e.g., Fig. 
4 ). The areas are the same as in the case of temperature. Whether an enhancement or a reduc-
tion occurs, seems to depend on the land-use type prevailing in the immediate vicinity of 
accumulated land-use changes. Moreover, in the sense of equation 1, evapotranspiration is 
appreciably reduced north of Bautzen (Fig. 4), which can be explained by the interaction 
between evapotranspiration, temperature, and cloudiness. this area, the cloud fields pro-
vided by URB appreciably extend those delivered by or MINURB. nonlinear de-
pendence of saturation on temperature, evapotranspiration, condensation, and deposition 
among others contributes to the differences. In URB, the warmer ABL compared to 
favors evapotranspiration, for which cloudiness increases (positive feedback). This increased 
cloudiness, however, reduces insolation and lessens evapotranspiration later (negative feed-
back). 
An important difference between the results of and MINURB is that the reduc-
tion of the urban effect, which was caused by open-pit mines, is over-compensated by the in-
crease of the urban effect due to urbanization. At mid-night, in cloud water, rain-
water and ice can be found in the lee of Leipzig. On the contrary, in MIN, the clouds have 
already resolved (Mölders, 1998). The presence of open-pit mines inhibits the effect of the 
town (and the urbanization effect) that would usually have contributed to enhanced cloud and 
precipitation formation over andin the lee of Leipzig. In MINURB, however, the clouds ex-
tend less in size than in Due to the enhanced convection, here the daily sums of precipi-
tation exceed that of REF. 
In the case of accumulated land-use changes, the domain-averaged 24h-accumulated 
precipitation is less than that of the reference landscape (and less than that of all other investi-
gated landscapes; Mölders, 1998). In MINURB the precipitation fields are less extended than 
those of REF (Fig. 5). The 24h-accumulated maximum precipitation, however, is higher for 
MINURB than for REF. This means that the simultaneous conversion to land-use types that 
have similar hydrologic and thermal surface characteristics affects precipitation in both posi-
tive or negative directions. The differing distributions and intensities of precipitation yield 
appreciate to significant differences in soil wetness factors that again modify evapotranspira-
tion even far away from the land-use changes. 
In the case of accumulated land-use changes the tendencies towards a drier and warmer 
ABL, which is common to both the land-use changes, is enhanced and results in a reduced 
total precipitation. In areas dominated by grassland, the air temperature of the lower ABL and 
evapotranspiration will increase slightly stronger in the case of accumulated land-use changes 
than in that of single land-use changes, if grassland occurs in the immediate lee of the grown 
cities. In areas prevailingly covered by forest in their larger environs, enhancement or counter-
action of the atmospheric responses to the land-use changes will depend on the land-use type 
dominating in the immediate environs of the land-use changes. Non-linear responses also 
occur at far distance from the areas of accumulated land-use changes. They are caused by dif-
ferences in the advection of heat, and moisture, which among others can provide differences 
in cloudiness, soil and surf ace tPrY'ln,pn,,J-1 wetness factors, water and 
the boundary earth-atmosphere. 
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Fig. 5. Comparison of 24-h accumulated precipitation as predicted by REF (grey shaded) and 
MINURB (dotted). Maximum values are 1.3 and 1.4 mmldfor REF and MINURB, respectively. 
4.2 Urbanization and water 
As pointed out already, several studies suggested that urban areas increase convection and 
lead to enhanced precipitation in and down wind of the city ( e.g., Changnon and Huff, 1986; 
Mölders, 1998). Moreover, many prior studies established that large water surfaces generally 
tend to stabilize warmer season convection because water temperatures are generally cooler 
than the air ( e.g., Changnon, 1980; Mölders, 1998). On average, this stabilization results in 
fewer clouds and less rainfall. Changnon (1980) investigated the urban and lake influences on 
cloud and rainfall distribution for the Chicago area and found evidence that the largely ex-
tended Lake Michigan inhibits the effect of the city. In the present study, however, the size of 
the water and the urban areas are much closer to each other than for Chicago and Lake Michi-
gan. Moreover, they are much smaller than Lake Michigan and Chicago. Therefore, a possible 
counteracting has to be expected to be much weaker. 
The simulations with the single land-use changes showed that urbanization can enforce 
convection and the precipitation forming processes in the lee of large urban cities (Mölders, 
1998). Under the synoptic situation assumed in this study, the water surfaces were found to 
stabilize the lower ABL. Moreover, over the water, cloud and precipitation formation was 
retarded as long as the water surfaces were cooler than the overlying air. When they become 
warmer than the overlying air, they lead to a labilization of the lower ABL and enhance the 
cloud and precipitation formation (Mölders, 1998). Since during the daytime the air of the 
lower ABL heats less over the water than over the (increased) cities, the temperature-gradient 
will grow in the case that urbanization and a surface change in favor of water occur simulta-
neously at a short distance (e.g., Leipzig-Südraum Leipzig). 
4.2.1 Urbanization andflooded open-pit mines (MIN to FLOURB) 
As mentioned already, open-pit mines as well as urbanization lead, on average, to reduced 
evapotranspiration and enhanced temperatures. In the case of urbanization and flooding the 
open-pit mines, wet and cool patches of different size are replaced by dry and warm patches 
20 
and versa. distributions of evapotranspiration surface temperatures 
have to be expected. Since the comparison of would include former 
land-use of the open-pit mines, the results of have tobe used in equation 1. 
the Lausitz, the atmospheric responses to the accumulated land-use changes enhance 
each other with respect to the daily averages of the soil temperatures (L1 up to 0.6 K; Fig. 6). 
the Fläming, however, the daily averages of the soil temperatures are lower than expected 
from the principle of superposition (L1 = -0.6 K). This deviation from the principle of super-
position is caused by the different temporal and spatial development of cloudiness, caused by 
the land-use changes. 
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Fig. 6. Like Fig. 3, but for flooded open-pit mines plus urbanization. 
The changes of the surface characteristics associated with the changes from warm/dry open-pit 
mine and cool/wet vegetation to cool water and warm/dry settlement (Tab. 2) modify the 
fluxes of sensible and latent heat that again alter the humidity and temperature of the lower 
ABL. In FLOURB, over and upwind of the flooded open-pit mines the lower ABL is appre-
ciably to significantly cooler (up to 1 K) than in MIN. During the night, when the adjacent 
land cools, the differences in surface temperatures decrease and the environs of the lakes be-
come warmer than those of the sandy open-pit mines, except for the Südraum Leipzig. Here, 
in FLOURB, the !arger cloudiness reduces the irradiation as compared to MIN. 
While on the daily averages, however, the principle of superposition is fulfilled for the 
near surface air temperatures, it is not for the hourly values. At noon, for instance, the accu-
mulated land-use changes lead to Iower temperatures (about -0.2 K) in the ABL south of 
Cottbus than expected for a linear response according to equation 1. On the contrary, north of 
Senftenberg, an enhancement of 0.4 K can be found. Comparison of the differences MIN -
FLO and MIN - FLOURB shows that urbanization seems of lower importance in the districts 
of the flooded open-pit mines than in areas of urbanization alone ( e.g., environs of Dresden). 
The lower ABL of FLOURB is slightly meister than that of MIN, especially over and 
in the environs of the flooded open-pit mines. The partitioning of the energy significantly 
changes over the flooded open-pit mines as compared to the open-pit mines, especially in the 
Lausitz (Note that the urbanization of FLOURB, however, leads to a slightly modified parti-
tioning of the energy into the fluxes of sensible and latent heat over the flooded open-pit 
mines as compared to FLO.). North of Senftenberg, for instance, the accumulated land-use 
21 
changes provide an appreciably evapotranspiration (e.g., to mrn/h at noon) than 
would be expected from principle of superposition 7). South of Cottbus, however, 
an area dominated by grassland, the atmospheric responses to the accumulated land-use 
changes counteract with respect to evapotranspiration leading at noon, for instance, to up to 
0.14 mrn/h lower values than expected for an additive behavior (Fig. 7). Slight deviations 
from a linear behavior also occur north of Bautzen. the significant differences in the 
cloudiness of MIN and FLOURB and their impact upon evapotranspiration, sensible and soil 
heat fluxes are the reasons. 
6 jor evapotranspiration ( mm/h) 
140 
120 
100 
E 80 
60 
40 
20 
0 50 100 150 200 
km 
MIN - FLO - MINURB + FLOURB 
Fig. 7. Like Fig. 4, butforflooded open-pit mines plus urbanization. 
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Fig. 8. Like Fig. 5, but for MIN (grey shaded), FLOURB (dotted) and 2050 (dashed). Maximum 
values are 1.4, 1.4 and 1.9 mm/dfor MIN, FLOURB and 2050, respectively. 
effect, which even increases as later 
on enhanced cloud and precipitation formation occurring over flooded open-pit mines can 
also be found if urbanization and flooding of the open-pit mines take place as accumulated 
land-use changes. Compared to MIN, cloudiness increases in in the lee of Leipzig 
during the night. and south of the Fläming precipitation is appreciably changed by the 
accumulated land-use changes (Fig. 8). In contrast to for which over and in the lee of 
Leipzig no precipitation reaches the ground at night, in FLOURB still precipitation occurs. 
The maximum accumulated precipitation of FLOURB exceeds that of MIN by about 0.5 
mm/d (Fig. 8). 
4.2.2 Urbanization and artificial lakes (REF to FLOURB) 
The comparison of to FLOURB means that settlements and artificial lakes are added in 
the landscape. The vertical wind speeds obtained by and FLOURB significantly differ 
over and in the immediate vicinity of Leipzig, Torgau and the flooded open-pit mines of the 
Lausitz and the Südraum Leipzig. While during the daytime the differences of the vertical 
velocities do not prefer a direction, upward motions are slightly enhanced for over 
the artificial lakes at night. Then the water surface temperatures exceed those of the adjacent 
or former vegetation. 
The areas for which deviations from the principle of superposition occur, are nearly the 
same than those in the study of the impact of flooded open-pit mines. Nevertheless, the area 
affected by the land-use changes is smaller in the case of urbanization plus artificial lakes than 
in the case of urbanization and flooded open-pit mines. 
In the Lausitz, the atmospheric responses to the accumulated land-use changes enhance 
each other with respect to their impact on the daily averages of the surface temperatures (Li up 
to 0.5 K). The influence on the cloud development reduces the daily averages of surface tem-
perature in the Fläming (with a Li about -0.7 K). Looking at the hourly distributions of Li de-
termined for the near surface air temperatures and evapotranspiration, lower values than ex-
pected by a linear response can be found south-west of Cottbus between two large open-pit 
mm es. 
Compared to in the late afternoon, cloudiness grows by the increased urban ef-
fect in the lee of Dessau and Leipzig and by the labilizing effect of the flooded open-pit mines 
in the Lausitz and the Bitterfelder Revier. 
Late in the aftemoon the water surfaces evaporate at a higher rate than the former 
vegetation. At that time, on average, more ice, cloud water and rainwater form over these 
areas in FLOURB than in REF. Especially in the lee of Leipzig this enhanced formation of 
cloud and precipitation particles yields in significant more precipitation. Compared to REF, 
the position of the precipitation fields is shifted slightly northeastwards in FLOURB, because 
of the temporal change in the water supply and the retarded onset of precipitation formation 
over the flooded open-pit mines 
On the domain average, the accumulated daily precipitation of FLOURB exceeds that 
of REF. The extension of the precipitation fields is less in FLOURB than in FLO, but exceeds 
that of URB. This means that the intensity of precipitation increases due to the accumulated 
land-use changes (Maximum values are 1.9, 1.4, 1.8, and 1.3 mm/d in FLOURB, URB, FLO, 
and REF, respectively.). 
4.3 Urbanization and recultivation of the open-pit mines (MIN to 2050) 
The comparison of MIN and 2050 represents the change of the landscape before the unifica-
tion to that assumed for the year 2050. By urbanization and recultivation, at different places, 
cool/wet, and warm/dry surfaces convert to warm/dry and cool/wet surfaces, respectively. 
Except in the re-cultivated areas and their environs, in 2050 the surface and air tem-
peratures of the lower ABL slightly increase due to urbanization. Over the re-cultivated areas, 
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the air temperatures and the vertical motions decrease due to heating rates 
as compared to the sandy open-pit mines. 
In the case of the daily averages of surface temperatures (Fig. 9), again the atmospheric 
responses to the accumulated land-use changes are non-linear (Li = ± 0.4 K) in the Lausitz. 
North of Dresden, a counteraction of the influences of the accumulated land-use changes on 
the daily averages of the surface temperatures (Li = -0.6 K) can be found (Fig. 9). While no 
deviation from the principle of superposition occurs for the daily averages of the near surface 
air temperatures, there exists a strong deviation for the hourly values. At noon, for instance, an 
enhancement can be detected north of Senftenberg and northwest of Bautzen (more than 0.4 
K). 
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Fig. 9. Like Fig. 3, but for recultivation and urbanization. 
The vertical velocities significantly differ over the open-pit mines of MIN, the re-cultivated 
areas and grown conurbation of 2050 because of the different heating. In the lower ABL and 
over Leipzig, higher upward motions occur in MIN than in 2050. The higher reaching motions 
are caused by the great differences in the thermal behavior of the open-pit mines and the soils 
of the re-cultivated areas. 
Over the (re-cultivated) open-pit mines, appreciably more water (e.g., up to 0.1 mm/h 
at noon) is evapotranspirated in 2050 than in MIN. Although the urbanization rate is high for 
the Südraum Leipzig, the urbanization reduces less the evapotranspiration than the re-cultiva-
tion of the open-pit mines increases evapotranspiration. At noon, for instance, the accumu-
lated land-use changes lead to a stronger evapotranspiration (up to 0.14 mm/h at noon; Fig. 
10) in the north-western part of the Lausitz than it would have been expected by the superpo-
sition principle. In the north-eastern and the southern part of the Lausitz, a counteraction of 
the response can be detected at the same time (up to -0.14 mm/h; Fig. 10). In the southern 
Lausitz, however, the differences in evapotranspiration are caused by the modified cloudiness 
that results from the advection of the air masses modulated by the land-use changes. 
Note that in 2050 evapotranspiration slightly increases in the re-cultivated areas as 
compared to REF because of the preference for forest and water in the re-cultivation of the 
open-pit mines. 
During the daytime, the lower ABL of 2050 is moister than in MIN over and down-
wind of the (re-cultivated) open-pit mines. In the case of accumulated land-use changes, the 
specific of decreases the case of 
urbanization alone, because the amount of water evapotranspirated over re-cultivated areas 
over-compensates the reduced evapotranspiration caused by the urbanization. 
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Fig. 10. Like Fig. 4, but for recultivation and urbanization. 
Over the North-Fläming, the northern Bitterfelder Revier, and west of Leipzig the mixing 
ratios of cloud water and rainwater will significantly change if the open-pit mines are re-culti-
vated. Over the Fläming, the higher atmospheric humidity, that is caused by the increased 
water supply from the re-cultivated areas of the Lausitz yields that enough precipitating par-
ticle can be formed to reach the ground (Figs. 8). the lee of Leipzig, urbanization enhances 
convection resulting in an increase of precipitation as compared to MIN (Fig. 8). The domain-
averaged 24h-accumulated precipitation of 2050 appreciably exceeds that of MIN (and URB). 
Nevertheless, the maximum 24h-accumulated rainfall of 2050 hardly differs from that of MIN 
(Fig. 8). The accumulated land-use changes also enhance the formation of graupel around 
Leipzig. 
Note that soil wetness is significantly higher in the re-cultivated areas than in the for-
mer open-pit mines because the field capacity and the capillarity of the tertian and quaternary 
sands is appreciably lower than that of the re-cultivated soils (Tab. 2). Moreover, soil wetness 
factors reach significantly higher values in those areas for which precipitation is more inten-
sive in one of the simulations (e.g., over andin the lee of Leipzig). 
In a region dominated by wet surfaces (jorests and grassland), the atmospheric re-
sponses to urbanization and simultaneously recultivation will counteract for evapotranspira-
tion and air temperatures if the adjacent areas to the accumulated land-use changes are domi-
nated by agriculture. On the contrary, an enhancement can be found if forests or grassland 
prevail in the adjacent areas to the accumulated land-use changes. In the Südraum Leipzig, no 
deviation from the principle of superposition can be found. Here, the prevailing surfaces are 
relatively dry and warm (agriculture). Nevertheless, due to the urbanization the domain-aver-
aged evapotranspiration and precipitation are reduced, but locally precipitation is enhanced. 
5. Summary and condusions 
This case study was motivated by the ongoing accumulated land-use changes in East Germany 
after the unification. A method was introduced to detect areas of counteracting or enhance-
ment of the atmospheric response to accumulated land-use changes. 
for landscape scenarios assumed in cessation of open-pit mining. 
strates the following: 
method was applied 
study clearly demon-
e Like it has been found for single land-use changes, accumulated land-use changes may 
produce changes at 90 % level or better statistical significance level in cloud and precipitat-
ing particles, soil wetness factors, and the w-components of the wind vector within the ra-
dius of several square kilometer of their occurrence. Significant changes of evapotranspi-
ration, surface temperature, and sensible heat fluxes result for flooded open-pit mines. 
Conversion of open-pit mines to water significantly affects the air temperatures of the 
lower ABL. 
Nevertheless, accumulated land-use changes do not necessarily provide greater changes in 
local weather than single land-use changes (cf. Tab. 3). The most significant responses of 
the atmosphere occur for a change from open-pit mines to flooded open-pit mines for all 
investigated quantities (Tab. 3). 
• The magnitude of the atmospheric responses to accumulated land-use changes seems not 
necessarily to depend on the fraction of the domain that experienced these conversions in 
land-use. Besides, the size of the patches of the individual changes, the contrast in the hy-
drologic and thermal behavior of the changes is decisive for the magnitude of the response. 
Whether the atmospheric responses on accumulated land-use changes are enhanced or in-
hibited (as compared to the superposition of the responses of the single land-use changes), 
depends on both the thermal and hydrologic characteristics of the undergoing accumulated 
land-use changes as well as the land-use adjacent to the land-use conversion. 
• Urbanization, which seems to have the less significant impact on the local weather (Tab. 3) 
of all the assumed changes, affects the atmosphere differently for different landscapes. lt 
more significantly influences cloud and precipitation formation in a landscape with largely 
extended water surfaces than in a landscape with open-pit mines at the other extreme. 
• For the synoptic situation investigated here, the domain-averaged daily accumulated pre-
cipitation increases with increasing fractional coverage of wet surfaces (Note that no such 
dependence can be detected for cloudiness.). Hence, the landscape with the most largely 
extended dry areas (open-pit mines, settlements) receives the less precipitation while that 
with the most largely extended wet areas (all kind of vegetation, water) gains the most 
precipitation (FLO). 
Considering these findings, it has to be concluded that all land-use changes within the sur-
roundings of an area of foreseen land-use changes have to be considered in planning studies. 
Moreover, it is required to consider the prevailing land-use adjacent to the converted areas, 
because the same accumulated land-use changes provide other atmospheric responses in dif-
ferent environs. 
To improve the insight in the impact of accumulated land-use changes on local 
weather, future studies should examine if accumulated land-use changes provided different 
responses to the atmosphere under different synoptic conditions. A sensitivity study was per-
formed for a foggy day in fall (273 Julian day). The results substantiate that under such condi-
tions the accumulated land-use changes affect the lower ABL even more far in the lee than in 
spnng. 
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